To analyze the biological effects of the space environment, we flew nine lines of rice seeds on the Chinese 20 th recoverable satellite for a duration of 18 days. The same lines of seeds were also irradiated to low doses (2.0mGy) of Carbon, or Neon or Iron ions (with different LET value of 13.3 keV/ µ m, 31 keV/ µ m and 500 keV/ µ m respectively) at National Institute of Radiological Sciences in Chiba, Japan. The total number of mitotic cells and chromosomal aberrations were analyzed. The mitotic index (MI) and the frequency of chromosomal aberration were evaluated in order to compare the cytogenetic damages from spaceflight and from exposure to similar doses of charged particle on the ground. The results of the present study show that the space environment and heavy energy ion can alter cell growth, and induce various chromosome aberrations including micronuclei, chromosomal bridges, fragments and laggards. With all the lines combined, the frequency of chromosome aberrations and MI in seeds flown in space are the highest. The effectiveness of cytogenetic damage from spaceflight (SP) and the heavy ion irradiations is SP > Fe > Ne > C.
INTRODUCTION
Living organisms in space are exposed to cosmic radiation in the microgravity environment. Early experiments have shown that the space environments can produce mutation in plant seeds. [1] [2] [3] [4] Although radiation is known to be capable of producing damages in plant seeds and in other living organisms, whether space radiation alone can produce the level of the biological damage observed after spaceflight is still unknown. Confounding factors such as the lack of gravity have been shown to alter the gene expression profiles in cells flown in space and such changes may modify the cellular responses to the radiation insult.
In 1996, we flew maize seeds on the Chinese JB-1 recoverable satellite together with space radiation monitors. After the 15 day flight, the total radiation dosage was measured to be 2.656mGy and the average LET value about 5keV/ µ m. 5) Exposing to γ -ray on-ground, the same effect can only be achieved after delivery of 50Gy of doses (will report in another paper). In order to further analysis the biological effects of space environments, and to investigate the damage in rice seeds after exposure to such a low doses of high-LET ions, 9 lines of rice seeds were flown on the Chinese 20 th recoverable satellite for a period of 18 days. The same lines of seeds were also irradiated to a low dose (2.0mGy) of Carbon, Neon and Iron (with different LET value of 13.3keV/ µ m, 31keV/ µ m and 500keV/ µ m) at the Heavy-ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS) in Japan. We report here the mitotic index (MI) and the frequency of chromosomal aberrations observed the root tip cells in the exposed seeds. 
MATERIALS AND METHODS

Plant material
Rice seeds preparation
After the collection of the pure lines of rice seeds in Fall, 2003, the seeds capsules were peeled off and sterilized by calcium hypochlorous acid. The seeds from the same pure lines were divided into 5 cloth bags with each containing 200 grains. All the seeds were sealed in one plastic bag, and stored in refrigerator until the time for spaceflight or for heavy-ion irradiation. The same sets of seeds were kept on ground at the same time as control.
On-ground heavy-ion irradiation
The seeds of each line were sent to National Institute of Radiological Sciences-Heavy-ion Medical Accelerator in Chiba (NIRS-HIMAC) in Japan in January 2004, and exposed Carbon, or Neon or Iron radiation with a dose of 2mGy. The detailed parameters were presented in Table 2 . The seeds were sent back to Harbin, China and stored in refrigerator until analysis.
Space flight treatment
The seeds of each line were put into one package, boarded on the Chinese 20 th recoverable satellite and flown in space for 18 days (about 432 hours) from September 27 th to October 15 th , 2004. After recovery, the seeds were stored in refrigerator.
Cytogenetic observation
The exposed seeds and the control samples were germinated in growth chamber at 27 ± 1 ° C in November 2004. When the radicals were 1cm long, the root tips were collected and fixed in Carnoy's solution (ethanol: acetic acid = 3:1). Before making the slides, root tips were stained with carbolic acid fuchsin. Eight roots in each treatment and 600 cells in each root were observed. The total number of cells observed, the number of mitotic cells and the number of chromosomal aberration (fragments, laggards, micronuclei and chromosomal bridges) were recorded.
Data analysis
In order to calculate the mitotic index (MI) and the frequency of chromosomal aberrations (FCA), formula (1) and formula (2) were used: MI = (the number of mitosis cells) / (the total number of cells observed) (1) FCA = (the number of chromosomal aberration) / (the total number of cells observed) (2) T -tests were made by excel and the significant changes were verified.
RESULTS
The effects of space flight and heavy-ion radiation on MI in root tips
In order to compare the cytogenetic damage from space flight and heavy ion irradiation on-ground, we first analyzed the mitotic index (MI) in the root tip and the results are detailed in Table 3 .
The growth of the cells as shown in MI in the root tip was altered by different mutagens in different degrees. 6 , however, the cell growth was stimulated by some particle types or from spaceflight, but restrained by others. The degree of cell growth varies for different genotypes. The cell growth was restrained in 14 cases, but stimulated in 22 cases, which shows that the frequency of stimulating is 1.5 times of that of restraining.
There were 5 lines (Wuyou A, Songjing No.8 , Dongnong 418, Songjing No.6 and Dongnong 416) in iron radiation, 3 Abbreviations: CK = control; C = Carbon ion radiation; Ne = Neon ion radiation; Fe = iron radiation; SP = space treated; R = restrain; S = stimulate; * = significant at 5% level, P < 0.05; ** = significant at 1% level, P < 0.01. In 8 cases, the MI was significantly lower than the control level, while in 12 cases, the MI was significantly higher. The quantitative difference of MI between the exposed and control samples varied among the lines of the seeds.
Effects of space flight and heavy-ion radiation on the chromosome of root tip cells
The data of chromosome aberrations in the root tip cells were presented in Table 4 . Heavy-ion radiation and spaceflight can induce different types of chromosome variation in observed in the root tip cells include fragments, micronuclei, chromosomal bridges, and laggards (Fig. 1) . The control samples did not have chromosomal aberrations except one in Wuyou A. Combined with all of the exposed and spaceflown samples, the number of fragments, micronuclei, chromosomal bridges, and laggards was found to be 67, 36, 33 and 13, respectively, which indicate that chromosomal fragments are the major aberration type, followed by micronuclei, chromosomal bridges and laggards.
The frequency of chromosome aberrations varies with different genotype after radiation treatment. But if we combine all four damage types, we found that the highest incidence of chromosome aberrations was found in the space-flown seeds. The effectiveness of heavy ion exposure on the ground follows the order of SP > Fe > Ne > C > CK (Fig.2) . With heavy ions, the effectiveness of inducing chromosome aberrations is higher for higher LET radiation (Fe is 500 keV/ µ m, Ne is 31 keV/ µ m and C is 13.3 keV/ µ m). 
DISCUSSION
The complex space environment can cause changes in morphology and at cytogenetic, physiological and molecular levels. Nevzgodina and coworkers have shown that spaceflight resulted in a higher percentage of cells with chromosomal aberrations. 1) Cytogenetic damage and hereditary mutation in plant seeds such as Crepis capillaris , Arabidopsis thaliana and tomato seeds after either short or long spaceflight have also been reported. [2] [3] [4] Nowadays, chromosome aberrations are used for evaluating cytogenetic effect of the space environment in human and higher plants. [6] [7] [8] [9] [10] We reported in an earlier study that the space environment is highly effective in inducing mutation in plant seeds even though the total dose received by the seeds was 2.656mGy after a 15 days flight (JB-1 Chinese recoverable satellite). 5) To understand whether low doses of heavy ions can produce the similar biological effects, we compared the results of the rice seeds flown in space to those exposed to 2.0mGy of C, Ne and Fe ions with a wide range of the LET value (13.3keV/ µ m, 31keV/ µ m and 500keV/ µ m, respectively). The data of chromosome damages from the present study demonstrated that the effectiveness of heavy ion exposure increases as the value of the LET increases, and spaceflight is even more effective than Fe ions. Since the average LET value of the space environment on the orbit was expected to be about 5 keV/ µ m, results reported in this paper suggest that other spaceflight factors, such as the microgravity, can play a synergistic role in inducing the damage in the chromosomes.
Early experiments showed the space environments can induce mutation in plant seeds. Nevzgodina et al . (1984) flew lettuce seeds on Salyut 7 for 40 days, and showed that the germination of in-flight lettuce seeds was decreased. 1) Our present study showed that after 18 days of flight, the germination capacity (data not show here) and MI in the root tip cells were higher for most lines, but lower for other lines. In another experiment, we found that after 6 days of spaceflight on the "Shenzhou 4" spacecraft, the seed germination and seedling growth were stimulated (data shown in another paper). In the present study, the degree of changes of MIs and chromosome aberrations was different for different lines of rice, indicating that genetic background of the rice seeds may be involved in the biological damage from spaceflight and from heavy-ion exposures.
